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FURTHER OBSERVATIONS Ot TRANSITION IN A PIPE
by

Y. Rubin,I. Wygnanski and J.H. Haritonidis*

School of Engineering, Tel-Aviv University

ABSTRACT

Fully developed Poiseuille flow in a pipe was artifi-
cially disturbed a3t x/D = 400 and 1700<Re<4000. Puffs and
slugs generated by the disturbance were identical to the
structures observed when the flow in the inlet region under-
gone transition (Wygnanski and Champagne 1973) . Since the
disturbance was sufficiently strong to cause transition even
at low Reynolds number s the appearance of either puff s or
slugs depended on the Reynolds number only. Velocity meas-
urements in the pipe were taken with rakes of hot wires using
digital acquisition methods and in this way each realization
could be observed in its entirety . The coherence of the
large structures was studied in radial and azimuthal direc-
tions. Puffs and slugs generated by the disturbance were
mapped and found to be identical to the structures observed
at the inlet region of the pipe. It was established that a
slug which has all the attributes to a fully developed turbu-
lent pipe flow is generated by a coalescence of puffs. The
puff, which seems to contain a small number of toroidal ed-
dies appears to be a fundamental coherent structure in a
fully developed turbulent pipe flow. Previous observations ,
which were based on a single-point measurement and ensemble-
averaged data did not reveal the full structure of the puff
in the same detail as the present techniques. Single reali-
2ations were analysed showing instantaneous velocity pro-
files, vorticity perturbation contours, as well as stream-
lines moving with the structure . Artificially generated
succession of puffs which were allowed to interact , closely
resembled a slug. The evolution of a slug from puffs was
thus established.
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T1CE OF TRANCMITTAL TO DDC ;
igls techuical repart had bacn roviewed and is
approved for public rolocse IAW AFR 130-12 (7b).

Distritution 15 ualimited.

A. D. BLOSE

Technical Information Officer




PAGE 2
INTRODUCTION

Recent experiments in turbulent shear flows indicate that
the large coherent structures observed might scmetimes have
their origin traced to the transition region. Two examples may

readily be given:

1. A portion of 3 transitional spot survives in a fully
developed turbulent boundary layer for a long time , during
which it travels more than 2 hundred boundary layer thiclknesses

downstream.

2. A quasi two-dimensional vortex generated at the initi-

ation of mixing maintains its identity in a plane mixing layer.

- Thus the understanding of the transition process and and
,‘ensu:ing large turbulent structures may be of vital importance

to the understanding of turbulent shear flows.

"Fully developed turbulent pipe flow, which is so similar
£o @ turbulent boundary layer developes from turbulent struc-
tures occurring during transition. Natural transition in a
pipe is dominated by the quality of the flow at the inlet. 1In
a carefully designed inlet, transition occurs at Re >10" with
laminar flow being observed even at Re:lO’. When the flow
. entering the pipe is turbulent and the Re ¢ 2000 the turbulence
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will slowly decay, when the Re > 2000 new puff-like coherent
structures are formed in spite of the existence of background
turbulence, (Champagne and Helland .1978) and presumably suffi-
ciently far downstream the original turbulence entering the
pipe decays entirely while new turbulence characteristic to the
pipe has developed. At 2000 < Re < 2500 the flow in a smooth
straight pipe is only intermittently turbulent even when it is
fully turbulent at the inlet. The turbulent structures ob-
served are referred to a s puffs and were. mapped in detail by
Wygnanski, Sokolov and Friedman (1975). The equilibrium puff
is a comparatively well defined structure in statistical terms
and it maybe a basic building block in a fully developed turbu-

lent pipe flow.

Reducing of the level of the disturbances at the inlet
while keeping the Reynolds number constant, results in the di-
sappearance of the puffs and a return to laminar flow. At Re >
2600 transition again occurres but it seems to originate dif-
ferently. Perturbations appear in the accelerating boundary
layers associated with the inlet region and grow until the en-
tire cross section of the pipe becomes turbulent. Wnenever the
flow in the pipe was only intermittently turbulent the struc-
tures observed were referred to as slugs . The length of the
slug 1is camparable to the length of the pipe and the structure
of flow in its interior resembles fully developed turbulent

pipe flow. Consequently, a slug is a much more complex entity
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than a puff.

Since the early experiments of Reynolds (1883) the inves-
tigation of natural transition in a pipe was mostly related to
the inlet region which is not as easily defined as the fully
developed flow downstream. The attaimment of a fully devel-
oped, laminar pipe flow even at moderately low Reynolds numbers
is raf.her difficult because the length of tiid inlet region is
proportional to on the Reynolds number. The purpose of the
present experiment is to perturb a fully developed laminar pipe
flow and observe the ensuing turbulent structures. It was
hoped that experiment will reveal the constitution of a large
eddy generated in fully dveloped pipe-flow and establish the
possible relationship between slugs and puffs. It was conjec-
tured that slugs might have been created by an amalgamation of
puffs after they split, grew, and joined again together; but

the actual proof of the process was lacking.
APPARATUS AND INSTRUMENTATION

The basic flow apparatus was described in an earlier work.
The disturbance was generated by small jets emanating fram two
sources diametrically opposing one another and having a diame-
ter of 2 mm each. The nozzles are located at x/D = U00 where x
is the distance from the inlet, and D is the diameter of the

pipe. In absence of the disturbance the profile is parabolic
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for Re < 5000. This roughly agrees with the Atkinson Goldstein
criterion which requires that the parameter x/D Re > .08 in
order that the flow will became independent of the downstream
distance . The jets were produced by a loudspeaker activated
by a clipped sawtooth signal. The leading edge of the signal
caused a membrane of the speaker to contract rapidly and pro-
duce the jets; the trailing edge of the signal caused the mem-
brane to withdraw slowly to its original position. The flow
disturbance, near the jets was initially monitored and and
found to consist of a large single velocity spike followed by
small amplitude, decaying oscillations not exceeding 10$‘of the

amplitude of the spike.

The streamwise velocity component was measured with a rake
consisting of 9 hot wire probes positioned radially between the
centerline of the pipe and the wall. All rake measurements
were made at the exit plane of the pipe 500 diameters downstre-

am of the inlet and 100 diameters from the distubance.

The wires were evenly spaced with wire No. 1 , half a
millimeter away from the surface and wire No. 9, on the
center-line . The array of sensors permits the measurement of
an instantaneous velocity profile across the pipe, and a par-
tial reconstruction of the flow field in its entirety rather

than in a statistical sense. The signal from each wire was

processed digitally by transmitting it via a 12 bit analog to a
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digital converter to a mini computer. The data was sampled at
the rate of 4000 points per second per wire and was recorded on
a digital tape for further processing. The sampling rate was
more than adequate since all turbulent fluctuations were found
to have negligible energy at frequencies higher than 1000 Hz.
Each data record consisted of 9 channels sampled 4600 times,
for a total size of 41 400 15 bit words. The tape records
served to reanalyse the experimental results using conventional

statistical techniques.

RESULTS

The first observations were aimed at establishing the
makeup of the turbulent structure evolving from a momentary
disturbance located in a fully developed laminar pipe-flow and
relating it to the structures observed by disturbing the flow
in the inlet. A record of the streamwise camponent of velocity
obtained by the 9 wire rake is shown in Figure 1a and 1b. The
abscissa in this figure is time , rendered dimensionless by
using the bulk velocity and the diameter of the pipe. The ori-
gin coincides with the trailing interface of the structure on
the centerline of the pipe. Provided the interface moves with
the bulk velocity as it does in the case of the puff, the
abscissa will represent a distance measured from the trailing
interface . The ordinate represents a velocity perturbation
relative to a parabolic profile . Each trace was recorded by a




different sensor in a radial array, thus the numbers on the

left-hand-side of Figure 1 indicate the location of the sensor.
The traces of the velocity shown wgre taken at Re = 2200 and
are similar to the traces shown by Wygnanski, Sokolov and
Friedman (henceforth referred to as WSF) for the equilibrium
puff. The velocity history shown in figure 1 b were produced
by the same disturbance but at Re = 3500, this velocity history
is reminiscent of the slug (see Wygnanski and Champagne 1973).
The fact that two different structures r.esult. fran the same
perturbation indicate that they depend critically on Re ynolds
number rather than on the details of the perturbation, as long
as the latter exceedes a threshold level which is capable of

generating turbulence.

Although the velocity histories shown in Figure 1a, are
reminiscent of those observed in a puff, detailed comparison
between the two structures can only be made by using statisti-
cal methods . Ensemble - averaged time record of the stream-
wise velocity for different radia 1 locations is shown in Fige
ure 2a. Two hundred events constitue an ensemble . The trail-
ing interface of every event as detected by wire No.9, (located
on the centre line of the pipe ) was aligned by shifting an en-
tire velocity record along the time axis, implicitly assuming
that the trailing interface has an identical shape for all re-
alizations and the jitter in the time of arrival of the inter-
face at the measuring station results from variations in the
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velocity at which the structure is corivected . Repeating the
process on the same two-hundred events but aligning the data on
the basis of the information gathered fram wire No. 3, located
at r/R = 0.72 - yielded somewhat different results (Figure2b).
The velocity records shown in Figure 2a exhibit strong accelar-
ations near the turbulent - non-turbulent interface in the cen-
tral region of the pipe while the records shown in Figure 2b do
so closer to the surface . The smearing of the data results
fran the fact that the shape of the interface varies fram one
realization to another and the alignment procedure accentuates
the flow features in the vicinity of the reference probe.
However, the ensemble - averaged velocity record for wire No.
9, in Figure 2a and for wire No. 3 in Figure 2b are essential-
ly identical to the corresponding records presented by WFS. It
was concluded that the turbulent structure resulting from dis-
turbing the fully developed Poiseuille flow at Re = 2200 is no
different fram the structure resulting by disturbing the .inlet
flow. Assuming that the flow is axisymmetric , and the puff is
in a state of equilibrium a streamline pattern in a frame of
reference moving with the trailing interface was calculated
(Figure 3a). The data fram fig.2a was chosen for this purpose
and in spite of the fact that WSF alinged their data at each
measuring station, ‘shape of the streamlines obtained is similar
to the pattern shown in Figure 10 of WSF. It appears that the
ensemble~-averaged flow pattern in a frame of reference moving

with the puff is not very sensitive to the aligmment technique
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although same information must have been lost by the averaging
process . The individual ralization contains more eddies than
shown in Figure 2a., because the two larger regions of recircu-
lation result from the fact that the puff is embedded in a lam-
inar flow. One can also campute the perturbation of vorticity
relative to the laminar flow from the data shown in Figure 2a.
This is done by assuming that w/ r is much larger than v/x
where v is the radial component of velocity and x being the
distance in the streamwise direction. Positive numbers in Fig-
ure 13b, imply that the vorticity in the laminar flow exceeds
the vorticity in the puff while negative numbers imply the op-
posite. We thus see that the appearance of turbulence is asso-
ciated with the transport of vorticity towards the surface of
the popipe. The small insert in the left-hand corner of Figure
3b shows schematically the laminar and turbulent velocity pro-
file associated with transition in a pipe. The shaded region
in this insert indicates the radial location corresponding to
positivie perturbation contours. of vorticity. The strongest
perturbation in vorticity corresponds in time to the concen-
trated shear area near the trailing edge of the puff and thus
is related to the single toroidal eddy observed by the WSF.
Obviously, the center of the rotating stream lines does not
correspond to the contours of maximum vorticity perturbation
(see also Hama 1962), nor doas it correspond to the maximum

turbulent intensy (WSF).




PAGE 10

In order to establish the similarity between puffs and
slugs at similar Reynolds numbers the flow was disturbed at Re
= 2600 and the resulting perturbation in velocity was again
sampled and ensemble averaged . Results shown in Figure Ua
were obtained by aligning wire No. 9, in the same manner as it
was done in Figure 2a, . The velocity perturbation near the
trailing edge of the slug is very similar to the velocity per-
turbation near the interface of a puff , in fact the flow over-
taking the interface deccelerates very rapidly and then accel-
erates again producing a local spike in the ensemble average
velocity record . The velocity then remains constant over most
of the duration of the slug slowly accelerating near the lead-
ing edge in order to attain the laminar velocity prevailing in
the central region of the pipe . It is suggested that the vel-
ocity perturbation near the trailing, and leading edges of the
slug is also similar to the velocity perturbation in the puff .
The cenral region of the slug is different and could possibly
result from a train of puffs which merged together. The con-
stancy of velocity in this region maybe due to the ensembling
process which smears the detailed structure with in the turbu-
lent region. The streamline pattern calculated for the data
shown in Figure 4a, with respect to the bulk velocity is shown
in Figure 4b. It should be stressed however, that the bulk
velocity in this case does not have the same meaning as with
the puff where it also represents the velocity at which the

trailing interface of the puff is convected downstream. In




this case the trailing interface of the slug moves samewhat

slower while the leading portion of the slug moves a faster
than the bulk velocity , the differences however, are not large
because of the similarity of Reynolds numbers at which the
measurements were taken. By remowfing the central portion of
the streamline pattern and patching the patterns near the tra-
iling and leading interfaces of the slug one obtains a flow
field which 1is very similar to the flow field in an
ensemble-averaged puff. This is another indication that the

puffs and the slugs in transitional pipe flow are related .

After establishing that the interface region of a slug re-
sembles the structure of the ensemble averaged puff we shall
endeavour to explain the mechanism by which slugs can be gener-
ated when fully developed Poiseuille flow had been disturbed at
Re > 2600. WSF observed that a single disturbance of short
duration when applied at the inlet of the pipe resulted in a
single turbulent structure when Re was either less than 2300 or
more than 2800. In the range 2300 < Re < 2800 a single pulse
applied to the flow at the inlet could result in a number of
puff 1like structures further downstream. At x/D = 500 the
average number of puffs seen at Re=2600 was about 4, and their
length was not identical. Although some individual puffs were
observed to grow, their rate of growth was too small to cause

genuine transition to turbulence; splitting of individual

puffs , followed by growth and recombination was conjectured to
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be the predaminant mechanism of transition. We should first
endeavour to show that recombimation of puffs gives rise to the
larger slug-like structure . The ensemble-averaged velocity
records, streamlines , and vorticity perturbation shown in Fig-
ure 5, were obtained at x/D = 500 when the fully developed lam-
inar flow was disturbed by a single pulse at x/D = 400 at Re =
2550. Coserving the individual realizations on an oscilloscope
suggested that splitting have occurred , but since the distance
between the location of the disturbance and the measuring sta-
tion was‘ only 100 diam. wmultiple splitting of puffs was rather
rare; only two puffs in tandem were most frequently observed.
The results shown in Figure 5, represent 200 consecutive events
without any preselection or classification . Naturally the
splitting mechanism which is not controlled by the initial per-
turbation dbes not occur at the same time and ldcation in the
pipe causing the leading puff to be smeared by the averaging
process .. One could refine the averaging by correlating each
individwal realization with the pattern shown in Figure Sa and
reclassify same of the events, but a much simpler method show-
ing the coalescence of puffs.into a slug was found. Reducing
the Reynolds nunber to 2200 (just prior to the occurrence of
the natural splitting) two consecutive perturbations were in-
troduced mtb the flow ; the time interval, t, between the
pei'ttrbations could easily be adjusted providing various de-
grees of interference between adjacent puffs. At long time in-
tervals ﬁuo ihdividml puffs were cbserved, when t was reduced
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to 610 msec the structures started to interact at the measuring
station . The first puff in the train appearad to be shorter ,
and the velocity in the central region of the pipe did not al-
ways recover to its unperturbed value. By determining the lo-
cation of the trailing interface of the second puff and ensem-
bling 200 events together the resulting streamlines and vorti-
city perturbations still maintain scme of the character of the
individual puff (Figure 6) . However , the perturbation of the
flow near the leading structure is weaker than near the second
stucture in the train. Shortening the time interval between
the disturbances to 320msec., at the same Reynolds number
causes stronger interaction, between the adjacent structures
(Figure 7). In fact, the trailing edge of the first puff is no
longer clearly distinguishable in most individual realizations,
let alone in the ensemble shown in Figure 7. The ensemble
averaged velocity history shown in Figure 7a are alreaxdy resem-
bling the results obtained for a slug (Figure 4a) . There is
however very strong resemblance between the results shown in
Figure 7 and the results shown in Figure 5, for the naturally
split puff. The similarity applies also to streamlines and
vorticity perturbation contours . It is obvious that the mean
flow at the border between the two turbulent structures no

longer recovers to its laminar value.

Shortening the time interval between the adjacent distur-

bances below 200 msec results in the appearange of a single




micdiato

- :M%“ ]

PAGE 1

o010 1iameters downstream fram the perturbation, In this
resrect te interacting puffs are similar to the array of tran-
*itional sMots in a toundary layer which jive rise to the unive-
arerl, lotarithmic velocity profile, after they =re allowed to
iftarast for sufficiontly long time. “e may conclude then that
the merginy of ouffs results in the eneration of slugs whe-

yaver transition occurs in the fully developed Poiseuille flow

An independent verification sugtesting that the slug is no
more than a train of puffs after they morced together can be
ohtained by measuring the length of the slug . Since we have
ro control over the splitting and merging process the variation
in the lennth of the slug depends on the number of puffs in the
*rain, “ince the length of the puff corresponds roughly to 25
“{rmeters, bafora it is strongly interacted with other puffs in
"% vicinity, the length of slugs should roughly vary by quan-
im jumps of 25 diameters. A histogream showing the variation
In the length of slugs generatod at Re = 10,000 by a sinqle
1isturbance ~t </D 2 490 and observed 107 diameters further
dswnstrasm is shown in figure 8, . In spite of the smnll
rember of eavents , 200 1n all the histogram has obviously two
neaks which are approximately 25 diametars apart . Thus, it
would nppear that most slugs contain an {nteger number of puffs
.« It should be stressed however that whenever t“: distance

between the origin of the disturbance and the measuring station

T A
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was much larger or the lyynolds number was lower it was more
difficult to observe the quantum jump in the 1length of the
puff. , because the latter contained more puffs in its hold
and the ratio between the length of the puff to the length of a

slug became less significant.

A more detailed comparison between the structure of the
puffs and the.,slugs, can qnly be made by examining individual
realization s, since too much information is lost by the aver-
aging process Thé streamline patterns in Figure 9 correspond
to the velocity records shown in fig. la and b, . Before cal-
culating the streamline s, the velocity records were filtered
in order to eliminate some of the high 'frequency fluctuations,
and observe more, clearly the large scale eddies in the flow.
The streamline s were calculated assun‘ing that the flow is axi=
symmetric at every instant , this is much too restrictive an
assumption which is not expected to be generally valid. , and
its inadequacy reflects itself in a fact that same streamlines

shown in fig 9a intersect the wall of the pipe.

This of course is unacceptable on physical groundS and |t
results from the presence of azimuthal fluctuations.
Nevertheless the gross behaviour of the streamlines shown in
Figure 9a resembles the shape of the streamline pattern shown
in Figure 3a for the ensemble averaged puff . The pattern con-
tains however, much more details which are not hampered by the

T e
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overaring pracoss , the puff ceems to contain two large vor-
“irng astur sl to be toroidal and extending from the wall to
apout half t-e reiius . The shear between these vortices is
ovpectnd to b2 strony resulting in a vigorous production of
turbulence . The puff appears to contain however three or four
tore eddies whicl do not produce as strong a perturbation to
the flew. Streamlines calculated from Figure 1b and shown 3n
Fiewre 9% i~dicate that this warticular realization contazins
four pairs of counter-rotating vortices. Each pair could ea-
sily be identified with the region of high turbulent activifiy
within "= slug . It i.s conject\rfed‘ that each pair of vortices
was originally associated with a puff and a number of such
puffs aeriad tovether to produce the étrﬁcture observed in Fig-
ure 1b. Figure 10a and b , shows the vorticity perturbation
contours for thaise twn events. It is obvious that the strong-
ast. perturbation in vorticity is associated with the large vor-
tices otserved. Although most of the negative vorticity per-
turb~tior occurs near the surface of the pipe, the contours of
positive parturbation in vorticity correspond roughly to the

central core of the vortices showm by the enclosed stresmlines.

Instonsa1eous velocity profiles were cross  plotted from
the velonivy records shown in Figure '». Thirty four profiles
evenly spazed, and spanning in time the entire slug are. shown
in Figure 112, the time span correcponds to the ari‘cw marked at

the bottam of Figure 1b. Each profile is compared with the
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L nr vetority profile existing in the "ow in absence of the
per&irnntion in cirder that the deviation from laminar flow
enld be 2isily fellowed. Tre first ot “he loet profiles 1in
Fimure 11a devinte little from the unperturbad flow. The velo-
city profiles in the interior of the slug btear ot times no re-
samblance to the long time averaged fully developei turbulent
velnaity protile. Profiles 9-11;21 22, are fairly flat ucross
a8t of the crois section of the pipe. The =shsence of mean
shear in the central region of the pipe maybe correlated to the
absence of hirh frequency fluctuations at the particular lcca=-
tion in thy slug. Some other velocity profiles {(notably 12,
1%, “N)have their maxima closer to the surface of the pipe than
thr "¢ center lire. Cther profiles may have numerous inflec-
tion oeints at various radial locations in the pipe. Expanding
the time scale by a factor of § starting with profile number 3,
e iastantancous velocities near the leading edge of the slue
ary showm in Figure 11b. Although the time span bet: een adja-
cort profiles in this fipure has been réduced to 8 msee, the
rapit changes in the shape of the velocity profile betvean con-
socutive realizations was quite surprising. The cause of these
changes mav be attributed in part to the lack of axial symmetry
and strong aziauthal fluctuations. Tn fact, the shaded areas
‘n Figure 11a, indicating an excess or a defect of velocity re-
“phive to the wmperturbed laminar flow, are mobt equel for  each
avl every profile, thus, if one were to calculate the instan-

tmeous mass flowv on tre basis of these profilec one would con-




PAGE 18

Yude that it changes violently. This is of course not the
~:se but simply an indica% on to the lack of axial svmmetry and

‘he diflerennes between adjacent velocity profiles plotteed in

Figxre 11b mavbe due in mart to azimuthal flow. The quiesent
region downstram of the leading interface is exemplified by
velocity orofiles which are fairly uniform ;n the radiad direc-
tinn over most of the pipe cross section. The variation
between ad acent profiles in the lower part of Figure 11b is
rather sma.l. It cames then as no surprise that the turbulent
activity wilhiin a slug is concentrated in bursts of short dura-
tion. The behaviour near the (railing edge of the slug is not
much differ~t from the behaviour near its leading edge.
Furthermore. one may observe a periodicity in the velocity pro-
files which span the entire duration of the slug and are shown
in Figure 1'1a. This observation is consistent with the idea
that the slug contains a limited number of puffs in its hold.
The instan.aneous velocity profiles in a puff are examined at
Rez 1700 in osrder to reduce the effect of high frequency fluce-
tuations ex.sting at higher Reynolds numbers. The velocity
histories shown in Figure 12a were cross plotted for this pur-
pose. In a laboratory frame of reference the approaching puff
is marked Ly decceleration fluid in the central region of the
pipe, and the concommitant acceleration at r/R > 0.5 (Figure
12b). The velocity profiles in the leading region of the puff
resemble the profiles in the quiesant period of the turbulent
slug. Orly near the trailing edge of the puff strong accelera-




tic1s can be deduced fram the rate at which the velocity pro-
fi'a chonges (ts chape botween successive realizations. (Just
1>m ream  of th2 l>cation of the trailing edge of the puff in
the central core of the flow the velocity profile contains usu-

ally one inflection point at r/R = 0.8.)

™e velocity profiles shown at the bottom right of Figure
12b can rosult from a quasi axissymetric eddy moving with th-
trailing interface. The eddy suddenly breaks down at r/R = 0.3
and at a time corresponding to the location of the trailing in-
terf-ce at that radial position. A spike in velocity ensues at
r/R = 0.3 is in agreement with the location of breakdown in a
bowniary layer undergoing transition. Another azymuthal eddy
seems tn be forming noar the surface of the pipe after the oc-
cwrrence of breakiown. Thus, it is quite possible that in a
frame of reference moving with the trailing interface of the
"l the addies are forming near the surface and growing into
the central portion of the pipe. An eddy located near the sur-
fene of the pipe at the trailing edge of a puff should distort
the shepe of the trailing edese provided the eddy is contained
in the turbulent reqion of the puff. The shae of the trailing
edagn of a puff A different realizations is shown in Figure 12,
The tratling imterface sweeps back from the centerline of the
pipe. howvever at an intemediate radial location, most often
encowrtered at r/R = 0.75 the direction of the sweep back

chenges, The voriation in the shape of “he trailing interface




f*om one realizaticn to another is quite large as maybe ob-
seryni  from Figure 13. and the hump in the profile of the in-
terfnace mav be associated with the loca-:tion of the 1large eddy
marking th2 boundary of the turbulent puff. Additional obser-
vations of the puff at a low Reynolds number are necessary in

order to detcrmine the constitution of the puff more precisely.

A rough sssessment of the axial symmetry of each individu-
2l realization can be made from the osciloscope traces shown in
Figure 14, Four hot-wire sensors located at r/R = 0.9 and sep-
arated by an azymuthal angle of 90 deg. were placed at the
exit plane of the pipe and monitored on an osciloscope. It may
be seen that the puff, the slug and the split puff are basical-
ly axissymmetric in their structure. There are however many
imperfections as the large eddy constituting the puff may be
quite corrugated and smetimes even skewed relative to the exit
plane of the pipe. The bottom trace in Figure 14 was taken on
the centerline in order to show that the other three traces
correspond to a puff merging with a slug.

CONCLUSIONS

A stro.g disturbance applied to a fully developed laminar
pipe flow ia’titates turbulence in the same way as the distur-
bance in the iniet region of the pipe. The transitional stuc-
ture in t'e pipe depends on their Reynolds number. Puffs are

generated ot Re< 2200 while slugs occur at Re> 2600. The rela-




Liorhin betitten puffs and slugs was establishe, as it wec

shatn "hat the slug consists of A nimber of puffs iloh onli%
md vered tonther to form 2 larzer turbulent structure, 4o
purTs consist ¢ 31 small nurber of loree eddies which ars  pro.
dmiroantiv anissmmetric in nature.
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